INTRODUCTION
============

The opening and closing of ion channel pores is controlled by conformational changes in other parts of the protein, in response to changes in external stimuli. Activities of inward rectifier K^+^ (Kir) channels are modulated by diverse second messengers, including ATP (Kir6 sub-family) ([@bib23]), pH (Kir1, Kir4 sub-family) ([@bib10]; [@bib38]; [@bib61]), and G-proteins (Kir3 sub-family) ([@bib42]; [@bib22]), but common to all is control of activity by polyphosphoinositides (PPIs),[\*](#fn1){ref-type="fn"} particularly phosphatidylinositol-4,5-bisphosphate (PIP~2~) ([@bib18]; [@bib11]; [@bib43]; [@bib63]; [@bib19]). In essence, the "physiological" second messengers all act by augmentation of, or competition with, the activating effects of PPI, and when these are depleted from the membrane, Kir channel activity disappears ([@bib1]; [@bib21]; [@bib46]; [@bib30]; [@bib63]). Evidence is accumulating to suggest that PPI, in particular PIP~2~, interact directly with the conserved cytoplasmic regions of the channel and that associated conformational changes are allosterically coupled to pore opening ([@bib1]; [@bib21]; [@bib46]; [@bib43]; [@bib9]; [@bib48]). Using site-specific mutagenesis, several sites, particularly within the COOH termini of Kirs, have been shown to be involved in activation by PPI ([@bib1]; [@bib21]; [@bib46]; [@bib43]; [@bib63]; [@bib45]).

All cation channel superfamily members consist of a tetrameric arrangement of homomeric or similar domains, which may be in individual subunits, or covalently linked. Kir channels are composed of four subunits, each containing two transmembrane segments (M1, M2), a P-loop between M1 and M2, and cytoplasmic NH~2~ and COOH termini ([@bib37]; [@bib7]). The M2 helices line the inner vestibule of the channel and it has been proposed that this region behaves as a gate, governing the flow of ions through the channel and across the membrane ([@bib31]; [@bib39]; [@bib32]). Approximately 40 amino acids preceding M1, and 150 amino acids after M2 are highly conserved in Kir channels, but the extreme NH~2~ and COOH termini are not. There is currently no secondary or tertiary structural information regarding Kir channels, so despite the detailed picture that is emerging of the pore itself ([@bib7]), and potential mechanisms of pore opening, the structural basis for the control of gating by intracellular domains is unknown. Using a combination of electrophysiological and biochemical approaches, we show that a conserved cytoplasmic region of Kir channels interacts with cell membranes, and propose that Kir channels contain a unique lipid interaction (KIRLI) domain that may conserve structurally significant features of phospholipid interacting PH domains.

MATERIALS AND METHODS
=====================

Molecular Biology
-----------------

Point mutations were prepared by overlap extension at the junctions of the relevant residues by sequential PCR. Resulting PCR products were subcloned into pCMV6b vector. Before transfection, constructs were sequenced to verify the mutations.

Expression in COSm6 Cells
-------------------------

COSm6 cells were plated at a density of ∼2.5 × 10^5^ cells/well (30 mm six-well dishes) and cultured in Dulbecco\'s modified Eagle medium plus 10 mM glucose (DMEM-HG), supplemented with FCS (10%). The following day, cells were transfected by adding FUGENE (Roche Applied Science) and 1 μg each of pCMV6b-Kir6.2 or mutant isoforms, pECE-SUR1 cDNA, and pECE--green fluorescent protein (GFP) directly to the media. The cells were split the next day onto coverslips for patching. For cell fractionation experiments, cells were plated on 60-mm diameter dishes. Transfection was performed using Lipofectamine (Invitrogen) and 12 μg of GFP fusion protein DNA per dish in DMEM-HG. The next day the DMEM-HG was replaced with complete media. All experiments were performed 36 h posttransfection.

Hypotonic Lysis and Fractionation
---------------------------------

Transfected cells were grown to confluence in 60-mm dishes. The cells were washed twice with PBS (37°C) and scraped into PBS (4°C), pelleted by centrifugation, and resuspended in 1 ml hypotonic solution (5 mM Tris, pH 7.5, 1 mM MgCl~2~, 1 mM EGTA, 0.1 mM EDTA) containing mini COMPLETE protease inhibitors (Boehringer Mannheim). The cells swelled on ice for 45 min and were then passaged 60 times through a ball bearing homogenizer and centrifuged for 10 min at 1,000 *g* to remove nuclear debris and unbroken cells. The postnuclear lysate was centrifuged at 100,000 *g* (55,000 rpm in a TLA-100 rotor; Beckman) for 1 h. The pellet was resuspended in an equal volume of hypotonic solution with protease inhibitors and passed through a 21-gauge needle six times for resuspension. For cells treated with acetylcholine (ACh) in [Fig. 5](#fig5){ref-type="fig"}, 100 μM ACh was applied 15 min before swelling and lysis, and ACh was present throughout the remainder of the fractionation.

![Specific decrease of membrane association following M1 receptor activation. (A) Fraction of fluorescence in membrane (mean ± SEM) from cells expressing GFP-PH and m1 or m2 receptors in the presence or absence of ACh, as indicated. (B) Percent change in fraction of fluorescence in the membrane upon addition of ACh for GFP-PH or channel constructs coexpressed with m1 or m2 receptors, as indicated (mean ± SEM, *n* indicated).](8562f5){#fig5}

Fluorescence Measurements
-------------------------

Each 1 ml fraction of either supernatant or pellet was excited at 467 nm in a fluorometer. Emission spectra (480--600 nm) of buffer alone and of untransfected cells were collected for each experiment. GFP fluorescence spectra were obtained by subtraction of the appropriate spectrum from untransfected samples and normalized to protein density estimated from E~480~, i.e., adjusted spectra = (raw spectra -- buffer spectra) − constant × (control spectra -- buffer spectra). The fractional fluoresecence in the membrane (E\[memb\]/E\[memb + Cyt\]), reported in [Figs. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, was calculated from the emission at 518 nm, with excitation at 467 nm.

![Membrane association of Kir6.2 COOH-terminal fragments. (A--C) Fraction of fluorescence in membrane (mean ± SEM) from cells expressing GFP-PH and GFP-tagged COOH-terminal fragments (mean ± SEM, *n* indicated). In B and C, results are shown from parallel transfections (*n* indicated, \*, *P* \< 0.05).](8562f4){#fig4}

Confocal Microscopy
-------------------

Cells were cultivated for 24--72 h after transfection and photographed in UV light under 1,000× magnification in a ZEISS microscope equipped with a 515-nm emission filter. Confocal analysis was performed using an Argon-Krypton laser (Bio-Rad Laboratories). Green fluorescence was detected at λ = 515 nm after excitation at λ = 488 nm. Cells were observed on thin coverslips, and digitized confocal images were prepared for presentation using Corel Photopaint (Corel Inc.).

Patch-clamp Measurements
------------------------

Patch-clamp experiments were made at room temperature, in a chamber which allowed rapid exchange of bathing solution. Micropipettes were pulled from thin-walled glass (WPI, Inc.) on a horizontal puller (Sutter Instrument Co.). Electrode resistance was typically 0.5--1 MΩ when filled with K-INT solution (below). Inside-out patches were voltage-clamped with an Axopatch 1B amplifier (Axon Instruments, Inc.). Standard bath and pipette solutions (K-INT) had the following composition: 140 mM KCl, 10 mM K-HEPES, 1 mM K-EGTA, pH 7.3. PIP~2~ was diluted in K-INT and bath sonicated in ice for 30 min before use. ATP was added as the potassium salt. All currents were measured at a membrane potential of -50 mV. Data were filtered at 0.5--3 kHz, digitized at 22 kHz (Neurocorder; Neurodata) and stored on videotape. Experiments were replayed onto a chart recorder, or digitized into a computer using Axotape software (Axon Instruments, Inc.) and analyzed off-line using Microsoft Excel. Wherever possible, data are presented as mean ± SEM. Microsoft Solver was used to fit data by a least-square algorithm.

Secondary Structure Predictions
-------------------------------

Secondary structure predictions were made for Kir6.2 using multiple sequence alignments, submitted through the Washington University Structural Genomics web site: <http://www.biochem.wustl.edu/~StrucGen/>.

RESULTS
=======

The Kir6.2 COOH Terminus Associates with the Membrane
-----------------------------------------------------

PIP~2~-interacting PH domains from various proteins have been tagged with GFP ([@bib57]; [@bib36]; [@bib56]; [@bib20]) to study their interaction with the membrane. We took advantage of this approach to examine membrane association of isolated fragments of the Kir6.2 subunit of the K~ATP~ channel expressed in COSm6 cells. GFP-tagged constructs, transiently expressed in transfected cells, were analyzed by confocal microscopy ([Fig. 1](#fig1){ref-type="fig"} A) and in a parallel cell fractionation assay ([Fig. 1](#fig1){ref-type="fig"} B). The full-length channel Kir6.2-GFP is visible in the plasma membrane and punctate intracellular structures in intact cells ([Fig. 1](#fig1){ref-type="fig"} A), and is \>90% associated with the isolated membrane fraction ([Fig. 1](#fig1){ref-type="fig"} B). In contrast, GFP alone shows a cytoplasmic distribution ([Fig. 1](#fig1){ref-type="fig"} A) and is \>90% associated with the isolated cytoplasmic fraction ([Fig. 1](#fig1){ref-type="fig"} B), consistent with a soluble protein that does not interact with the membrane. The isolated COOH terminus of Kir6.2 (residues 170--390) tagged with GFP (\[170--390\]-GFP) also shows plasma membrane and intracellular localization under confocal microscopy ([Fig. 1](#fig1){ref-type="fig"} A). In the fractionation assay, ∼45% of the fluorescence is associated with the membrane fraction ([Fig. 1](#fig1){ref-type="fig"} B). The PH domain of phospholipase C δ1 (PLCδ1) tagged with GFP (GFP-PH) (gift of Tobias Meyer, Stanford University, Stanford, CA) was used as a positive control for a protein known to bind to phospholipids (specifically PI-4,5-bisphosphate) ([@bib6]; [@bib29]) in the membrane. Cells transfected with this construct show GFP fluorescence in a thick band outlining the membrane of the cell. In the fractionation assay, the membrane association of the GFP-PH construct was very similar (∼45%) to that of \[170--390\]-GFP. Importantly, as shown in [Fig. 1](#fig1){ref-type="fig"} C, all constructs are expressed as a single protein of appropriate molecular weight.

![Membrane association of Kir6.2 COOH terminus. (A) Confocal fluorescent images of COSm6 cells expressing Kir6.2-GFP+SUR1, GFP, \[170--390\]-GFP, or GFP-PH. Calibration bars represent 3 μm. (B, left) Representative emission spectra of membrane (black) and cytosolic (gray) fractions from transfected cells as in A (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}). (right) Fraction of fluorescence in membrane (mean ± SEM) from similar experiments, *n* indicated. (C) Western blot using polyclonal anti-GFP antibody of cytosolic (C) and membrane (M) fractions as in B. Arrows indicate expected size of tagged constructs. There is a probable contaminant protein at ∼40 kD in cytosolic fractions. Cytosolic anti-GFP reactivity at ∼30 kD may represent cleaved GFP in full-length Kir6.2-GFP assay.](8562f1){#fig1}

Alanine Scan of Putative C-helix: Mutations of Conserved Residues Abolish Channel Activity
------------------------------------------------------------------------------------------

The cytoplasmic regions of Kir channels are highly conserved in the ∼40 amino acids preceding the M1 segment (residues 34--78 in Kir6.2) and ∼150 amino acids following M2 (residues 170--320 in Kir6.2), although they share no significant homology with any known protein domains. We performed predictions of the secondary structure of Kir channels using alignments of these primary sequences using various prediction algorithms (see [Fig. 6](#fig6){ref-type="fig"} A, and [discussion]{.smallcaps}). The conserved COOH terminus is predicted to contain primarily β-strands and loops but only one significant α-helix (C-helix, approximately residues 306--311). To examine the likely structure and significance of this region, we performed a systematic mutagenesis of residues 307--315, replacing each residue with alanine. Functional channels were not obtained with mutations of residues E308, I309, W311, and F315, but essentially normal channel activity was observed for all other residues between D307 and R314 ([Fig. 2, B and C](#fig2){ref-type="fig"}). On a helical wheel projection ([Fig. 2](#fig2){ref-type="fig"} D), residues E308, I309, W311, and F315 are all on the same face and E308, W311, and F315 are predicted to be separated by single turns of the helix.

![Predicted structure of conserved Kir cytoplasmic domain. (A) (above sequence) Computer-predicted secondary structures (E, β-strand, H, helix) of conserved COOH-terminal (residues 170--324) regions of Kir6.2 using multiple alignments with other inward rectifiers, generated by various algorithms indicated on left. The boxed indicators above correspond to the suggested secondary structures in B. (B) Cartoon ribbon diagram of suggested structural arrangement of the Kir6.2 KIRLI domain (see [discussion]{.smallcaps}).](8562f6){#fig6}

![Conserved α-helix of Kir COOH terminus. (A) Conserved COOH-terminal α-helix of PH domain (boxed) of pleckstrin (Pleck), spectrin (Spec), and dynamin I (Dynam) aligned with predicted COOH-terminal α-helix of inward rectifiers (indicated by subfamily nomenclature). The conserved Trp (W311 in Kir6.2) and large hydrophobic (F315 in Kir6.2 or I) residues are boxed, upstream negative charges are shaded in gray. (B) Mean patch current for D307G and alanine-substituted mutants (E308A-F315A). No currents were recorded from E308A, I309A, W311A, and F315A mutants. (C) K~1/2,ATP~ for mutant channels (mean ± SEM, *n* indicated). (D) Helical projection of residues D307--F315. Residues for which channel activity was abolished wen mutated are highlighted in black.](8562f2){#fig2}

In a previous systematic mutagenesis of positive charges in the Kir6.2 COOH terminus ([@bib45]), it was striking that all 22 mutants could produce functional subunits, although in some cases, channel activity was observed only after application of PIP~2~, or after coexpression with high open state stability mutants such as Kir6.2\[L157C\], which expresses with high open probability and low ATP sensitivity ([@bib9]). Substitution of W311 or F315 with A, R, or D results in no detectable channel activity even after application of 100 μg/ml PIP~2~ (*n* = 3--5 patches in each case; unpublished data). Moreover, W311A and F315A mutants are not rescued by coexpression with L157C mutants ([Fig. 3](#fig3){ref-type="fig"} A). W311A and F315A mutants actually cause a strong dominant-negative suppression of L157C subunits ([Fig. 3](#fig3){ref-type="fig"} A). The only detectable currents correspond to those expected of pure L157C+SUR1 currents ([Fig. 3](#fig3){ref-type="fig"} B), consistent with incorporation of even one W311A or F315A subunit into a tetramer being sufficient to abolish activity.

![Dominant-negative inhibition by W311A and F315A mutants. (A) Current density (in zero ATP) in patches expressing Kir6.2\[L157C\]+SUR1 (L157C), or Kir6.2\[L157C\]+SUR1 coexpressed with other mutant Kir6.2 subunits, relative to currents in Kir6.2\[L157C\]+SUR1 patches. Dashed lines indicate predictions assuming that subunits are expressed at equal density, and that at least three K222A subunits are necessary to inhibit current, or only one W311A or F315A subunit is sufficient to inhibit activity. (B) Steady-state dependence of membrane current on \[ATP\] (relative to current in zero ATP, Irel) for wild type or L157C mutant channels (dashed, from \[[@bib45]\]). Superimposed data points are from individual patches in which L157C subunits were coexpressed with K222A (○), W311A (\[▪), or F315A(♦) mutant subunits.](8562f3){#fig3}

The Conserved Kir6.2 COOH Terminus Interacts with the Membrane
--------------------------------------------------------------

We next attempted to define structural boundaries of the KIRLI domain. The COOH-terminal 36 amino acids of Kir6.2 (residues 354--390) contain an endoplasmic reticular retention signal which affects channel trafficking to, but not function at, the membrane ([@bib54]; [@bib62]; [@bib34]). [Fig. 4](#fig4){ref-type="fig"} A shows that the \[170--354\]-GFP fragment associates with the membrane slightly less effectively than the full length COOH terminus (i.e., \[170--390\]-GFP), but no further reduction of association is seen when the COOH terminus is reduced to the highly conserved (i.e., \[170--320\]-GFP) fragment ([Fig. 4](#fig4){ref-type="fig"} A). However, truncation of a further 20 amino acids (i.e., \[170--300\]-GFP), which removes the putative C-helix, abolishes membrane association ([Fig. 4](#fig4){ref-type="fig"} B). Deletions into the conserved domain from the NH~2~ terminus also considerably reduce association with the membrane and the short \[293--320\]-GFP has a similar cellular distribution to GFP alone ([Fig. 4](#fig4){ref-type="fig"} B). Thus, we propose that residues 170--320 comprise the core of the KIRLI domain. To examine the role of W311 and F315 in membrane association, we introduced W311A and F315A mutants in the \[170--320\]-GFP construct. Each of these mutations affected expression level. In parallel transfections, fluorescence of W311A and F315A mutations were 28 ± 15% (*n* = 4) and 4 ± 3% (*n* = 3) of that of the wild type construct, respectively, suggesting instability of the expressed proteins. Only the fluorescence of the W311A mutant was high enough to quantify membrane association in the fractionation assay. As shown in [Fig. 4](#fig4){ref-type="fig"} C, this point mutation significantly reduced the ability of this fragment to associate with the membrane.

m1 Receptor Activation Reduces Membrane Association of both the Kir6.2 KIRLI Domain and the PLCδ1 PH Domain
-----------------------------------------------------------------------------------------------------------

It has been demonstrated previously that PLC activation via m1 receptor stimulation causes a decrease of K~ATP~ current, consistent with reduced channel--PIP~2~ interactions ([@bib58]). Other studies have dynamically monitored membrane PIP~2~ itself, making use of PLCδ1 PH domain tagged with GFP (GFP-PH) ([@bib49]; [@bib55]) to provide a relative estimate of PIP~2~ and IP~3~ in response to m1 receptor stimulation and resulting PIP~2~ hydrolysis. [@bib26] used this approach to demonstrate redistribution of GFP-PH in transfected cells using confocal imaging. We have used the same principle to develop a quantifiable assay for dynamic redistribution of GFP-tagged channel fragments ([Fig. 5](#fig5){ref-type="fig"}). To quantify membrane association, cells were fractionated either in the presence or absence of ACh (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}). [Fig. 5](#fig5){ref-type="fig"} A quantifies membrane association of GFP-PH expressed alone, and with muscarinic m1 or m2 receptors, from cells incubated in the presence or absence of 100 μM ACh. The membrane association of GFP-PH is specifically reduced only when the m1 receptor is expressed and activated by ACh. Similarly, \[170--320\]-GFP fluorescence is only reduced by m1 receptor activation ([Fig. 5](#fig5){ref-type="fig"} B). In contrast, the distribution of fluorescence of full length Kir6.2-GFP (a transmembrane protein) was unaffected by m1 receptor activation ([Fig. 5](#fig5){ref-type="fig"} B).

DISCUSSION
==========

PIP~2~ Interaction with Kir Channels
------------------------------------

It is now clear that PPIs, in particular PIP~2~, can have a profound activating effect on all inward rectifier K^+^ (Kir) channels ([@bib18]; [@bib11]; [@bib2]; [@bib63]; [@bib19]). Actin stabilizers such as phalloidin can inhibit channel rundown while depolymerizing agents such as cytochalasins can accelerate channel rundown ([@bib12]; [@bib17]), leading to initial suggestions that the action of PIP~2~ was via cytoskeletal interactions. This idea has not been ruled out, but the weight of evidence indicates a direct action on Kir subunits, specifically involving interaction with the cytoplasmic COOH termini. Since most cytoskeletal proteins interact with phosphoinositides (PIP~2~ or PIP~3~) ([@bib24]), the demonstration that phosphatidylserine (PS) and other negatively charged lipids, such as acyl CoA, can also activate Kir channels, argues against a cytoskeletal intermediate. The most direct evidence is the finding that specific mutations in the COOH terminus can reduce both channel activity in cell membranes and binding of PIP~2~ to isolated fragments ([@bib11]; [@bib21]; [@bib46]; [@bib48]) and the apparent antagonism of ATP inhibition and PPI activation of K~ATP~ channels ([@bib2]; [@bib46]; [@bib9]).

A Cytoplasmic Membrane--interacting Domain in Kir Channels
----------------------------------------------------------

Recent studies with PLCδ1 PH domain tagged with GFP (GFP-PH) have dramatically demonstrated localization of this domain to the cell membrane. One goal of the present study was to develop a physiological assay of membrane association of isolated Kir6.2 fragments, to test the hypothesis that a discrete domain exists and that it binds to the cell membrane in a PPI-dependent manner. Confocal fluorescence images indicate that GFP-tagged full-length Kir6.2 constructs are localized to the cell membrane, but are also retained in intracellular compartments ([@bib35]) ([Fig. 1](#fig1){ref-type="fig"} A). A visually similar pattern is observed for the isolated COOH terminus (\[170--390\]-GFP) that differs from the almost exclusively edge fluorescence observed for the PLCδ1 PH domain (GFP-PH). Importantly, this particular PH domain, but not others, has been reported to have high affinity and specificity for PI-4,5-P~2~ ([@bib28]). Kir6.2 clearly interacts with multiple PPI species ([@bib11]), so while it is possible that the discrete intracellular fluorescence of \[170--390\]-GFP is due to retention within an enclosed compartment, it is also possible that the construct is associated with intracellular PPI to which PH-GFP has relatively low affinity.

The fractionation assay allows quantification of the association of GFP-tagged constructs with the membrane fraction, and hence a semiquantitative assay of the relative affinity of a given construct for binding to the membrane. The data indicate that while the conserved COOH terminus (\[170--320\]-GFP) associates with the membrane almost as well as the complete COOH terminus (170--390\]-GFP) or the PLCδ1 PH domain (GFP-PH), truncations into this domain from either end ([Fig. 4](#fig4){ref-type="fig"} B) greatly reduce association. Therefore, residues 170--320 form the essential core of the COOH-terminal lipid--interacting domain. Activation of muscarinic m1 receptors by ACh results in G~q~α-mediated PLC activation and consequent PIP~2~ hydrolysis ([@bib5]). In single COS-1 cells coexpressing GFP-PH and m1 receptors, ACh activation decreased membrane association of GFP-PH by 55% ([@bib26]), consistent with a relative decrease in the PI-4,5-P~2~/IP~3~ ratio within the cell ([@bib49]; [@bib55]). This shift in GFP-PH fluorescence was not seen with activation of coexpressed m2 receptors, which couple to alternative G-protein--mediated pathways. We have now used the same principle to further develop a quantifiable assay for association of fragments with native membranes. As shown in [Fig. 5](#fig5){ref-type="fig"} A, membrane association of GFP-PH and of \[170--320\]-GFP are each specifically reduced only when the m1 receptor is expressed and activated by ACh.

Predicted Secondary Structure of Kir Channel COOH Terminus
----------------------------------------------------------

Several different Kir COOH termini ([@bib21]; [@bib46]; [@bib63]; [@bib45]; [@bib48]) have been shown to interact with membrane lipids, and homologous residues controlling PIP~2~ sensitivity have been identified in different channels ([@bib2]; [@bib21]; [@bib46]; [@bib63]; [@bib45]). Many of these assays are indirect, and cannot exclude the possibility that the interaction with the membrane lipid is mediated via an intermediate protein interaction. Nevertheless, together with the present results, the data suggest the presence of a common KIRLI domain formed from the conserved sequence in the channel COOH terminus.

We performed predictions of the secondary structure of Kir channels using alignments of the conserved ∼150 amino acids following M2 (residues 170--320 in Kir6.2, see [Fig. 6](#fig6){ref-type="fig"} A). Following from the end of the M2 helix (predicted to end at ∼173), multiple β-strands and a COOH-terminal α-helix (residues 306--311) are predicted, a structural arrangement that is common to lipid-interacting PH domains ([@bib41]). PH domains invariably contain seven major antiparallel β-strands with a COOH-terminal α-helix that contributes to stability of the domain structure. Importantly, the COOH-terminal helix is the only region in PH domains over which primary sequence homology is typically found. The conserved Trp and the large hydrophobic residue at position +4 interact with hydrophobic amino acids in the β-sheets to provide stability to the whole PH domain ([@bib40]; [@bib51]), and mutations of these residues severely impair PH domain function ([@bib44]; [@bib13]). Upstream negative charges and no helix-breaking prolines are also features of the PH domain C-helix, and these features are all present in the 307--315 region of Kir channels ([Fig. 3](#fig3){ref-type="fig"} A). The data obtained from systematic mutation are consistent with this region being α-helical in Kir6.2, such that mutations on one face abolish channel activity ([Fig. 2](#fig2){ref-type="fig"}). The conserved W311 and F315 residues, located on this face, are not only critical for channel activity in the full-length construct ([Fig. 3](#fig3){ref-type="fig"}), but also for stability and membrane association of isolated COOH-terminal fragments ([Fig. 4](#fig4){ref-type="fig"}). We suggest that this helix may play a structural role in the integrity of the KIRLI domain, analogous to the COOH-terminal α-helix of PH domains.

A Possible Structure of the KIRLI Domain
----------------------------------------

Given the functional and structural similarities between the KIRLI domain and established PH domains, we have explored the possibility that the tertiary structure of the KIRLI domain might be similar to that of the PH domain. In the absence of any structural information, this speculative exercise may help to suggest further experiments. [Fig. 6](#fig6){ref-type="fig"} B shows a cartoon illustrating a possible folding arrangement for the Kir6.2 COOH terminus cytoplasmic domain that would maintain an overall tertiary structure similar to that of the PH domain[1](#fn2){ref-type="fn"} (two antiparallel β-sheets and COOH-terminal α-helix). The arrangement is of a "pocket" formed by the two β-sheets (residues 176--201 and 220--290) with the C-helix (residues 307--315) forming a "hinge" between the two sheets, W311 and F315 side-chains being predicted to protrude into the "pocket" ([@bib41]). There is now considerable evidence for interaction of the conserved regions of the NH~2~ terminus with the COOH terminus ([@bib50]; [@bib27]; [@bib52]) of Kir channels. This data may be reconciled by the suggestion that the conserved region of the NH~2~ terminus normally generates the β1 strand of the putative PH-like domain. Using protein fragments, [@bib25] have recently identified segments of the Kir6.2 COOH terminus that interact with the isolated NH~2~ terminus and defined three segments of interaction (residues 170--204, 214--222, and 279--323) that correspond to the same COOH-terminal regions identified by [@bib48] as important for binding to PIP~2~. Our suggested model includes critical roles for each of these regions in forming the KIRLI domain.

Charged residues clustered on one side of the "β-pocket" in the β1/β2 and β3/β4 loops of PH domains are involved in interaction with PIP~2~ ([@bib16]; [@bib41]; [@bib47]; [@bib59]; [@bib4]). Systematic mutagenesis of Kir6.2 COOH-terminal--positive charges identified several residues (R176, R177, R192, R195) with significant effects on PIP~2~ sensitivity when neutralized ([@bib45]), consistent with them mediating electrostatic interactions with the negatively charged phosphates of PIP~2~. As shown in [Fig. 6](#fig6){ref-type="fig"} B, placing the predicted COOH-terminal β-strands in the β2-β7 strand positions of the PH domain would cluster these critical residues in the β1/β2 and β3/β4 loops, i.e., on one side of the "β-pocket". The R176 and R177 residues are conserved in other Kir channels, and neutralization of the equivalent K188 and R189 in Kir2.1 ([@bib48]), or R188 in Kir1.1 ([@bib21]) also reduces PIP~2~ sensitivity of channel activity.

Much evidence supports the idea of a negative allosteric interaction between PIP~2~ and ATP in regulating the activity of Kir6.2 channels ([@bib1]; [@bib46]; [@bib9]), with functional competition between the two ligands, but separate binding sites. Several residues have emerged as candidate ATP binding residues ([@bib8]; [@bib14]; [@bib53]; [@bib45]), and mutation of certain charged residues has large effects on ATP sensitivity, but minimal effects on PIP~2~ sensitivity. Intriguingly, two of these residues, K185 ([@bib53]) and R201 ([@bib45]), are located within the proposed KIRLI domain, and would be predicted to lie at the opposite side of the "β-pocket" to the PIP~2~-interacting residues ([Fig. 6](#fig6){ref-type="fig"} B), consistent with the above hypothesis.

In addition to the computer-predicted β2-β7 strands and C-helix of Kir channels ([Fig. 6](#fig6){ref-type="fig"} A), there is a region between putative β4 and β5 that is predicted to be either α-helix or β-strand ([Fig. 6](#fig6){ref-type="fig"}). Several studies on various Kir channels indicate that residues in this region actually form part of the cytoplasmic entrance to the pore. In Kir2.1, E224 (S212 in Kir6.2) controls the affinity for pore-blocking polyamines ([@bib60]) and H216 in Kir6.2 controls the pH-dependence of polyamine block ([@bib3]). Cysteine-substituents of several residues within this region of Kir2.1 are modified by methyl-thio-sulfydryl reagents, indicating water accessibility ([@bib33]). PH domains can tolerate large insertions in the loops between β-strands ([@bib41]), and we propose that this region may form an insertion that lines the cytoplasmic entrance to the pore. As such it is likely to contribute to the control of open state stability of the channel, and, as with the M2 transmembrane segment ([@bib9]), mutations within it will affect open state stability and apparent PIP~2~ sensitivity of channel activity. Accordingly, neutralization of R206 or K222 in this region of Kir6.2 ([@bib45]), or mutations of residues in the equivalent 207--245 segment of Kir2.1 ([@bib63]), reduce apparent PIP~2~ sensitivity.

PIP~2~ activation is common to all Kir channels, suggesting a conserved mechanism of interaction. Previous studies have demonstrated direct interaction of isolated COOH-terminal fragments with PIP~2~ ([@bib21]; [@bib48]). We now demonstrate that the conserved COOH terminus (residues 170--320) associates with cellular membranes, and this association can be regulated by PLC activation and PIP~2~ hydrolysis. Systematic mutagenesis of Kir6.2 has identified positive charges in this domain that when mutated alter PIP~2~ sensitivity ([@bib45]); neutralization of any of the basic residues beyond the domain are without effect on channel activity ([@bib45]). Systematic alanine scanning now indicates the likely presence of a COOH-terminal α-helix; mutation of conserved Trp and Phe residues in this segment both abolish channel activity and interfere with domain expression and membrane association. The data provide evidence for the existence of a conserved KIRLI domain that is critically involved in physiological regulation of channel activity.
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Stable models of the KIRLI domain (unpublished data) can be generated by threading the Kir COOH terminus threaded onto the PH domain of pleckstrin as a template ([@bib15]), but uncertainty in the correct alignment reduces the likely value of such models.
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